ABSTRACT The aim of the present study was to investigate, in red-legged partridge (Alectoris rufa) eggs, the effects of 7-and 42-d storage periods with different storage temperatures (15, 12, and 9°C) on egg weight loss, hatchability, chick weight at hatch, incubation length, and development stage at embryonic mortality. A total of 420 red-legged partridge eggs were arranged in a 2 × 3 factorial design with 2 levels of storage length and 3 levels of storage temperature, resulting in 6 treatments consisting of 10 replications of 7 eggs each. We found that the storage length significantly reduced hatchability of the fertile eggs (P = 0.001), increasing late embryonic mortality (P = 0.001). Storage temperature did not influence on the embryonic mortality at any stage (P > 0.05). Egg weight loss during storage increased with the storage length (P < 0.001), storage temperature (P < 0.001), and their interaction (P < 0.001). Incubation length increased with the storage length (P
INTRODUCTION
To ensure availability of birds for hunting and provide birds for reestablishment purposes, the red-legged partridge (Alectoris rufa) is raised in southwestern European countries, where it is endemic, and in other countries and areas where it has been successfully introduced such as the United Kingdom, Azores, Canary Islands, and Madeira (Coles, 1971; Aebischer and Lucio, 1997, González-Redondo, 2004) . Complete-cycle farms coexist with others specialized only in rearing and preparing partridges for their release . The latter specialized farms, as well as small complete-cycle farms that do not produce sufficient eggs to address specific demands of partridges, require fertile eggs for hatching whose shelf-life should be long enough to maintain hatchability until further incubation, being necessary to store these eggs for a period of time. Another reason to store eggs for long periods derives from the fact that the red-legged partridge has a marked reproductive seasonality (Beer and Jenkinson, 1981) . Thus, depending on the area's climate and latitude, egg-laying starts in late February and ends in July or early August (Torres and Garcés, 1995; Molleda, 1998; García Martín and Dalmau, 2003) , lasting more than 14 wk (Gaudioso et al., 2002) . At the beginning and at the end of the reproductive season, laying frequency is low (Pérez y Pérez, 1981; Bagliacca et al., 1988; González-Redondo et al., 2003; González-Redondo, 2006) , whereas laying rate and hatchability peaks between 5 and 9 wk (Gaudioso et al., 2002) . Under these conditions, long storage periods might be useful to permit subsequent incubation of the surplus eggs and to distribute the batches of chicks throughout the year. The long-term storage of the eggs may also be useful at the beginning and at the end of the laying season, when the time required to gather the eggs to fill the incubator and to rear a large enough batch of chicks is longer, especially in small farms, due to the low egg-laying rate. < 0.001); however, it was not influenced by the storage temperature (P > 0.05). Nevertheless, incubation period decreased with the storage temperature for 7-d storage, and increased with the storage temperature for 42-d storage (P = 0.005). It can be concluded that in this study red-legged partridge eggs stored well with little deterioration up to 42 d at 9 and 12°C and 80% RH, in contrast to the lesser durability of eggs described in the literature for other poultry species. In case of 7-d storage periods, hatchability of A. rufa fertile eggs is higher when they are stored at 15°C. These findings are useful to address specific demands of game farms that require fertile eggs for hatching whose shelf-life should be long enough to maintain hatchability until further incubation. And, due to the marked reproductive seasonality of red-legged partridge, long-term storage of hatching eggs could permit the distribution of batches of chicks throughout the year. Woodard and Morzenti (1975) state that long-term storage of chukar partridge (Alectoris chukar) eggs at 16°C and 70% RH up to 28 d before incubation has little effect on subsequent hatchability. Similarly, González-Redondo (2010) found no significant effect of storage time on hatchability of red-legged partridge (A. rufa) eggs stored at 15°C and 80% HR up to 28 d, although eggs stored in the same conditions for 35 d showed a significant decrease in hatchability. Furthermore, other studies with avian eggs show that the storage temperature affects the success of incubation, lower temperatures being more suitable for longer storage periods and vice versa (Brake et al., 1997) . Specifically, optimum hatchability of hen (Gallus gallus) eggs after a storage period longer than 14 d was achieved when storage temperature was about 12°C (Olsen and Haynes, 1948; Funk and Forward, 1960) , whereas 15°C was better for eggs stored for 8 d, and 18°C better for those stored for 2 d (Kirk et al., 1980) . Nevertheless, there are no scientific studies in this regard with red-legged partridge eggs, although informative publications recommend maintaining A. rufa eggs at 20°C for eggs to be stored up to 3 d, at 13 to 16°C for eggs to be stored for 7 d, and at 11 to 12°C for eggs to be stored for periods longer than 7 d (Cancho, 1991) . However, this information is not supported by experimental data. Therefore, the aim of the present study is to investigate the effect of 7-and 42-d storage periods with different storage temperatures (15, 12, and 9°C) on weight losses during the storage and incubation periods, length of the incubation period, hatchability, and embryonic mortality of red-legged partridge (A. rufa) eggs.
MATERIALS AND METHODS

Birds and Husbandry
This experiment was carried out using 420 hatching eggs from a red-legged partridge farm located in the province of Seville, Southern Spain. The breeding partridges were housed in pairs in outdoor cages measuring 50 × 65 cm. They were fed with commercial feed (20% CP and 3.3% Ca) and subjected to artificial lighting from December onward. Starting from December, the photoperiod was increased by a quarter of an hour every day until a complete photoperiod of 16 h of light (natural light + artificial light) was reached by January. Egg laying started in mid-January. All eggs were collected from partridges aged between 2 and 3 yr.
Experimental Design
The 420 eggs were arranged in a 2 × 3 factorial design with 2 levels of storage length (7 and 42 d) before incubation and 3 levels of storage temperature (9, 12, and 15°C), resulting in 6 treatments consisting of 10 replications of 7 eggs each. The 3 batches of eggs to be stored for 42 d (210 eggs) were collected on April 15, and the other 3 batches of eggs to be stored for 7 d (210 eggs) were collected on May 20. All eggs were laid within 3 d before the collection day and kept in the farm at standard conditions (15°C and 80% RH) until then, as this was the time required to gather 210 eggs in the cited farm, and 3-d gathering interval for each treatment does not influence the viability of Alectoris eggs (Cağlayan et al., 2009; González-Redondo, 2010) . In all cases eggs were kept with the small end down at 80% RH in a storage chamber (Vinotek, Liebherr, Biberach an der Riss, Germany), being turned 45° once a day at regular intervals.
Egg Incubation
Following storage, the eggs were prewarmed before incubation by maintaining them in the room where the incubator was located during 12 h at 24°C and 43% RH. All the eggs were loaded into the incubator on the same date (May 28th). The incubator (Masalles HS25, Masalles, Ripollet, Spain) was set at 37.8°C and 55% RH, and the eggs were turned 45° every hour. On d 21 from the beginning of incubation, the eggs were transferred to a hatcher (Maino Incubators 2-630 XHM, Maino Enrico-Adriano S.n.c., Oltrona di San Mamette, Italy), which was set at 37.5°C and 80% RH, without turning of eggs.
Data Recorded
To determine egg weight losses, all eggs were weighed before storage, after storage, and after 21 d of incubation. For each individual egg, weight loss during storage was calculated as a percentage of egg weight at the beginning of storage period. Egg weight loss during the first 21 d of incubation was calculated as a percentage of egg weight at the beginning of incubation, and total egg weight loss was calculated as a percentage of egg weight loss between the beginning of the storage period and 21 d of incubation. To determine hatchability, the number of hatched chicks and unhatched eggs were recorded after the incubation period. Incubation length was measured, through hatching controls carried out every 12 h, as the difference between the hatching date (when the chick becomes out of the shell) and the date when the incubator was loaded. All chicks were weighed at hatch. Unhatched eggs were broken and examined macroscopically to determine fertility and, if fertile, they were assigned to the following categories: fertile without development, positive development, early embryonic mortality, late embryonic mortality, or pipped but not out of shell (Juárez-Caratachea and Ortiz, 2001; Ernst et al., 2004) .
Statistical Analysis
Fertility, hatchability of incubated eggs, hatchability of fertile eggs, weight losses of fertile eggs, chick weight at hatch, incubation length, and embryonic mortality of fertile eggs, as dependent variables, were analyzed using the univariate GLM procedure, with storage length and storage temperature before incubation as fixed effects. Interactions between the factors were also analyzed. When significant differences were found by the GLM, means were separated using Tukey's multiple range tests. All data are expressed as mean and SEM. For all comparisons, statistical significance was accepted when P < 0.05. The analyses were performed using SPSS v. 15.0 software (SPSS Inc., 2006) .
RESULTS AND DISCUSSION
Fertility and Hatchability
The average fertility of the eggs recorded in this study (58.33%; Table 1 ) was lower than in previous reports on A. rufa under farming conditions (73.5 to 85.6%; Bagliacca et al., 1988; Paci et al., 1992; González-Redondo, 2006 , 2010 Mourão et al., 2010) . Differences in eggs fertility between this study and normal values recorded in the literature might be because, in this experiment, eggs were collected after the peak of the breeding season, when fertility of red-legged partridge decreases (Gaudioso et al., 2002; González-Redondo, 2006) . Other conditions such as differences in the fertility selection in the breeding flocks, housing type, or kind of feed used (Hernando, 1990) could also influence of the low average fertility observed. However, no differences were found in fertility according to the storage length, storage temperature, or their interaction (P > 0.05), which indicates that eggs were randomly distributed among batches.
The average hatchability of the incubated eggs (47.39%; Table 1 ) was also below the range of values found in the literature (53.4 to 84.1%; Mori et al., 1985; Paci et al., 1992; González-Redondo et al., 2003; González-Redondo, 2006 , 2010 Mourão et al., 2010) . No differences were found in the hatchability of all incubated eggs according to the storage length, storage temperature, or their interaction (P > 0.05).
Hatchability of the fertile eggs (81.95%) was within the mean values found in literature for this species (72.6 to 91.6%; Bagliacca et al., 1988; Paci et al., 1992; González-Redondo, 2006 , 2010 . This means that storage and incubation conditions were adequate to the requirements of this species. No significant differences were found in hatchability of fertile eggs according to the storage temperature (P > 0.05). However, hatchability of fertile eggs was significantly higher for eggs stored for 7 d than for eggs stored for 42 d (89.39 and 74.50%, respectively). There was no interaction storage length × storage temperature on hatchability of fertile eggs (P > 0.05). These results agree with previous studies showing that, when storage period is lengthened, the internal quality of the fertile egg (yolk ratio, yolk index, albumen ratio, albumen index, and Haugh unit) progressively deteriorates (Tilki and Saatci, 2004; Cağlayan et al., 2009) . With storage time, albumen pH increases, albumen height decreases (Lapão et al., 1999) , and yolk sac membrane elasticity decreases (Jones and Musgrove, 2005) , impairing embryo development and hatchability. Thus, prolonged storage of hatching partridge eggs interferes with their normal progress and hatchability decreases rapidly after 28 d of storage (Woodard and Morzenti, 1975; Woodard, 1982; González-Redondo, 2010) . Nevertheless, mean hatchability value found in our study for the eggs stored for 42 d was within values reported for this species (72.6 to 91.6%; Bagliacca et al., 1988; Paci et al., 1992; González-Redondo, 2006 , 2010 . This confirms previous studies demonstrating that Alectoris eggs can be hold without decline in hatchability for longer periods than other poultry species eggs (Woodard and Morzenti, 1975; Wilson et al., 1997; Fasenko, 2007; Romao et al., 2008; González-Redondo, 2010) . In particular, Woodard and Morzenti (1975) This matches previous studies in poultry species showing that lower temperatures slow down the internal deterioration of the embryo, which makes them more suitable for longer storage periods (Olsen and Haynes, 1948; Funk and Forward, 1960; Brake et al., 1997) . This also agrees with informative publications which recommend to maintain A. rufa eggs at 20°C for eggs to be stored up to 3 d, at 13 to 16°C for eggs to be stored for a week, and at 11 to 12°C for eggs to be stored for periods longer than 7 d (Cancho, 1991; García Martín and Dalmau, 2003) .
Egg Weight and Egg Weight Losses
In this study, mean values of recently laid egg weight (19.63 g; Table 2 ) matched well with those described for A. rufa (Beer and Jenkinson, 1981; Pérez y Pérez, 1981; Mourão et al., 2010) and other species of the Alectoris genus (Kırıkcı et al., 2004; Tilki and Saatci, 2004; Cağlayan et al., 2009 ) under farming conditions. The effect of storage treatments on the percentage of fertile egg weight loss during storage was highly significant (P < 0.001). In fact, eggs stored for 42 d lost 3.04% of their initial weight, whereas those stored for 7 d lost only 0.63%. These variations of egg weight loss during storage, depending on the storage length, followed the pattern found by Tilki and Saatci (2004) for rock partridge (Alectoris graeca) eggs stored at 15 to 18°C and 70% RH during 7, 14, 21, 28, and 35 d; and by González-Redondo (2010) for red-legged partridge (A. rufa) eggs stored at 15°C and 80% RH during 7, 14, 21, 28, and 35 d. When storage period is lengthened, moisture losses from the egg increase, which contributes to the deterioration of the internal quality of the fertile egg (Tilki and Saatci, 2004; Cağlayan et al., 2009) . The fertile egg weight loss during storage was also influenced by previous storage temperature (P < 0.001). Eggs stored at 9 and 12°C lost 1.18 and 1.49%, respectively, of their initial weight, whereas losses in eggs stored at 15°C were significantly higher (2.82%). A highly significant interaction was also found between storage length and storage temperature on the fertile egg weight loss during storage. Eggs stored for 42 d at 15°C lost 4.60% of their initial weight, whereas eggs stored for 7 d at 9°C lost only 0.43% of their initial weight. Thus, as occurs in other poultry species, during storage the fertile eggs weight loss increased progressively both with temperature and length of storage (Walsh et al., 1995) .
Average weight loss of the fertile eggs during the first 21 d of incubation amounted to 11.11% of the egg weight before incubation (Table 2 ). This value was slightly higher than the values found by González-Redondo (2010) for A. rufa eggs stored for periods varying between 0 and 35 d at 15°C, although it represented a lower weight loss than that found for A. graeca eggs by Kırıkcı et al. (2004) . During the first 21 d of incubation, no significant differences among treatments were found in the fertile eggs weight loss (P > 0.05). However, total egg weight loss of the fertile eggs increased progressively for batches of eggs stored during longer periods (P < 0.001; 13.70% in 42-d and 11.75% in 7-d storage treatments). Total egg weight loss of the fertile eggs increased also progressively with storage temperature (P < 0.001; 12.06% at 9°C, 12.48% at 12°C, and 13.65% at 15°C). No interaction was found between storage length and storage temperature for total egg weight loss (P = 0.205). Total weight loss, highly potentiated in batches of eggs stored for long periods, was already observed for rock partridge by Kırıkcı et al. (2004) and for redlegged partridge by González-Redondo (2010) . In these cases the egg weight loss, related to progressive deterioration of the internal quality of the egg, is responsible for the decreased in hatchability observed (González-Redondo, 2010) .
Incubation Length
Mean value of incubation length in this study (23.22 d) was within those found in the literature for A. rufa under farming conditions (Flores, 1979; Torres and Garcés, 1995; García Martín and Dalmau, 2003; González-Redondo et al., 2012) . Incubation length was highly influenced (P < 0.001) by the length of the storage period before incubation (Table 3) . Eggs stored for 7 d had significantly shorter incubation periods (23.04 d) than eggs stored for 42 d (23.39 d) . These results follow the pattern of previous studies in broiler and duck species (Tona et al., 2003; Bagliacca et al., 2005; Fasenko, 2007) , in which longer storage periods prolonged incubation. Long-term egg storage influences embryo development and metabolism so that embryos grow at a slower rate than short-term stored eggs, and subse-quently produces longer incubation periods (Fasenko, 2007) .
In our study, storage temperature did not influence on the incubation length (P > 0.05). However, a significant interaction was observed between storage length and storage temperature on incubation length (P = 0.005). . This interactive effect matches with the results of previous researches on embryo development in poultry and duck species in which, for shorter incubations, lower temperatures were always better for longer storage periods, and higher temperatures were better for shorter storage (Mayes and Takeballi, 1984; De Carville and De Croutte, 1985; Bagliacca et al., 2005) .
Chick Weight at Hatch
In this study, the average chick weight at hatch was 14.01 g (Table 3 ). This value matched well with that described for A. rufa (Pérez y Pérez, 1981) and A. graeca (Kırıkcı et al., 2004) in captivity. Neither the storage length nor the storage temperature influenced chick weight at hatch (P > 0.05). No interaction between the 2 factors was observed on chick weight at hatch (P > 0.05). However, in previous researches on broiler eggs, chick weight at hatch tends to decline with long storage periods (Christensen et al., 2002; Elibol et al., 2002; Tona et al., 2003) . Furthermore, Ruiz and Lunam (2002) found that for short storage (1 to 3 d) the storage temperature (20, 16.5, or 10°C) does not affect chick weight at hatch; however, for long storage period (9 to 11 d), storage at 16.5°C compared with 10°C reduced chick weight at hatch.
Embryonic Mortality
Storage length influenced significantly the rate of late embryonic mortality and, in consequence, on the total embryonic mortality (P = 0.001; Table 4 ). In the 7-d storage treatment, the percentage of late embryonic mortality was 3.17%, whereas it increased to 13.94% in the 42-d storage treatment. Mortality at other embryonic developmental stages was not affected by the storage length (P > 0.05). Our results concur with previous studies (Ozbey and Esen, 2007 ) that found, in rock partridge fertile eggs stored for 14 d, more embryonic deaths in late periods than in early or medium periods versus eggs stored for 1 d, even though those differences were not significant.
However, neither the storage temperature nor the interaction of storage length and storage temperature influenced the total embryonic mortality or the embryonic mortality at each embryonic development stage studied (P > 0.05).
In conclusion, red-legged partridge (A. rufa) eggs store well with little deterioration up to 42 d at 9 and 12°C and 80% RH, in contrast to the lesser durability of eggs from other poultry species. However, hatchability is liable to decline rapidly and incubation period tends to increase if stored at 15°C during the same period and RH. On the other hand, for 7-d storage periods, increasing storage temperature increases hatchability and shortens incubation length of A. rufa eggs. Informative publications do not recommend maintaining A. rufa eggs more than 7 to 10 d (Pérez y Pérez, 1981; Cancho, 1991; Torres and Garcés, 1995; Molleda, 1998) to prevent unnecessary loss of hatchability. However, if longer storage periods were necessary for market or management reasons, it is feasible to store A. rufa eggs for longer periods obtaining an acceptable hatchability performance: up to 28 d at 15°C (González-Redondo, 2010) or up to 42-d storage periods at 9 or 12°C, according to the results of this study. These findings are highly relevant for the handling of A. rufa fertile eggs in game farms and for the marketing of long shelf life hatching eggs because they show that it is possible to store A. rufa eggs for a long period while maintaining optimum hatchability rates.
Nevertheless, further research could be done to investigate whether, in addition to storage temperature, other factors like breeding flock degree of selection or pair age affect storage performance of red-legged partridge eggs.
